An efficient immune response against pathogenic microorganisms is a key to survival. Gamma interferon (IFN-␥) is a cytokine known to mediate cellular immune responses that are essential for protection against many intracellular pathogens (24). In 1995, Okamura and coworkers (27) discovered a new cytokine called IFN-␥-inducing factor, which induces T-cell activation. Although this cytokine, now called interleukin 18 , has significant structural similarities to IL-1␤ (10) and binds to receptors from the IL-1 family (30) , it displays a different activity. Like IL-12, IL-18 strongly stimulates T cells to produce IFN-␥. IL-18 gene expression seems to be controlled by two distinct promoters, one upstream of exon 1 that is activated by lipopolysaccharide (LPS), and one upstream of exon 2 that appears to be constitutive (32) . Like IL-1 ␤, IL-18 is synthesized as an inactive precursor lacking the typical signal peptide required for its secretion. The 24-kDa precursor protein is proteolytically processed into the 18-kDa mature active form by the IL-1␤-converting enzyme, also called caspase-1 (12, 13, 27) .
IL-18 has been shown to have a protective role in pulmonary infections, especially against intracellular pathogens such as Mycobacterium tuberculosis (33) . In the lung, the main cells involved in initiation of immunity are alveolar macrophages (AM) and dendritic cells (DC). AM are the predominant cells in the alveoli (25) , and they are able to trigger inflammatory or antiinflammatory cascades through their production of a wide array of cytokines. Immature DC (iDC) are found just below the epithelial cells of the airways, in the loose connective tissue surrounding the vessels and in the pleura. Although DC are considered to be the most efficient antigen-presenting cells (APC), the role of abundant AM in the lung in the induction of innate and specific immunity should not be underestimated. Although Salmonella enterica serovar Typhimurium is not known to infect the lung, it has been proposed as an intracellular pathogen model with which to study mucosal immunity in both the digestive and respiratory tracts and also as a vaccine vector against tuberculosis (7, 16) . During infection, Salmonella genes are expressed, leading to the secretion of virulence factors such as SipB and SipC that activate the infection of phagocytic and nonphagocytic cells (14) . The sipB gene is located in Salmonella pathogenicity island 1, a genome segment that encodes a type III secretion system. This protein was shown to bind to and activate caspase-1, thereby inducing cell death (15) . These experiments were done with murine and cattle macrophages, monocyte (Mo)-derived macrophages, and macrophage cell lines (15, 21, 29) but not with human AM. In the present study, we investigated the role played by Salmonella virulence factor SipB in IL-18 activation and release by human AM. We also examined the role of caspase-1 in this process. Our results showed that SipB plays a posttranslational key role in both the activation and the release of IL-18 by AM. The involvement of caspase-1 in this process occurs early, while other mechanisms may be involved in later events leading to cell death.
MATERIALS AND METHODS
Cells, bacterial strains, and reagents. AM were obtained by bronchoalveolar lavage (BAL) of lung specimens from patients with pulmonary cell carcinoma. BAL with sterile 0.9% NaCl was performed immediately after surgery in seg-ments that were tumor free. At least 150 ml was injected into the major bronchial airways, and the cell-rich fluid was collected by aspiration. The cells obtained were Ͼ85% macrophages, as determined by differential counting of Wrightstained cytocentrifuge preparations. Cells were centrifuged and resuspended in RPMI 1640 medium (Life Technologies, Inc., Rockville, Md.) supplemented with 10% fetal calf serum, 2 mM glutamine, 100 U of penicillin per ml, and 100 U of streptomycin per ml, referred to as complete culture medium (CCM). The red blood cells were removed by centrifugation in Ficoll-Paque (research grade; AP Biotech, Uppsala, Sweden). Macrophages were washed three times with Hanks' balanced salt solution without Ca 2ϩ and Mg 2ϩ (HBSS) and plated in 24-well culture plates at a concentration of 5 ϫ 10 5 cells/ml in CCM. The adherent AM were obtained after 24 h of incubation at 37°C in 5% CO 2 . Before the experiments, the cells were washed three times with HBSS and the adherent cells were cultured with 1 ml of CCM. In some experiments, AM were treated with a caspase-1-specific inhibitor (Ac-YVAD-CMK; Calbiochem, Nottingham, United Kingdom) at a concentration of 50 M for 1 h before bacterial infection. DC were generated from peripheral blood mononuclear cells of healthy human donors by the method originally described by Sallusto and Lanzavecchia (28) . These peripheral blood mononuclear cells were isolated by Ficoll-Paque density gradient centrifugation of buffy coats as described previously (5) . After 1 h of adherence, the culture dishes were rinsed with HBSS and adherent cells were incubated overnight in CCM. Loosely adherent Mo, which were characterized by high expression of CD14 (more than 80%) and low expression of CD83 and CD86 (less than 5%) (5), were recovered after three rinses in HBSS. iDC were obtained from Mo after the cells had been cultured for 7 days in CCM with granulocyte-macrophage colony-stimulating factor (10 ng/ml; Immugenex Corp., Los Angeles, Calif.) and IL-4 (10 ng/ml; R&D Systems, Minneapolis, Minn.). Maturation of iDC was induced by addition of LPS purified from Salmonella (1 g/ml). iDC and mature DC (mDC) were analyzed for expression of CD83 and CD86, which were upregulated in mDC, and CD14, which was downregulated in both cell types (5) . Before the experiments, Mo and DC were washed three times, resuspended in CCM, seeded in wells at 2 ϫ 10 5 cells per well in 1 ml of medium, and incubated in a 5% CO 2 atmosphere.
S. enterica serovar Typhimurium strains and infection. The strains of bacteria used in this study were the virulent strain of S. enterica serovar Typhimurium C53 and a mutant that lacks the sipB gene and therefore does not express a functional SipB protein. For infection, Salmonella strains were grown overnight without agitation in Luria broth (LB) medium supplemented with 300 mM KCl and 0.5% KNO 3 . On the day of the assay, bacteria were subcultured into fresh LB plus KCl and KNO 3 and grown for 2 to 3 h at 37°C. Before being infected with bacteria, AM and DC were washed and cultured in RPMI medium free of antibiotic and supplemented with 0.1% fetal calf serum. At this stage, 100 l of a bacterial suspension in prewarmed CCM, with a multiplicity of infection (MOI) of 25 bacteria/cell, was added to the cell culture. After 30 min of infection, gentamicin was added at a final concentration of 60 g/ml to kill extracellular bacteria.
For evaluation of the number of infected cells, the AM were recovered in trypsin-EDTA 3 or 24 h after infection and the cell suspension was diluted in RPMI medium before plating on LB agar. One CFU was considered to correspond to one infected cell. Intracellular survival of the different strains was evaluated by the bacterial growth index, defined as the number of cells still containing live bacteria at 24 h after exposure, divided by the number of cells containing live bacteria at 3 h.
Cytotoxicity assays. Supernatants of infected macrophages were evaluated for the presence of the cytoplasmic enzyme lactate dehydrogenase (LDH) with the Cytotox96 kit (Promega). The percentage of cytotoxicity was calculated with the formula 100 ϫ [(experimental release Ϫ spontaneous release)/(total release Ϫ spontaneous release)].
Reverse transcription-PCR (RT-PCR). Total cellular RNA was isolated by homogenizing the AM in Trizol (Life Technologies, Basel, Switzerland). Total RNA was reverse transcribed and amplified in one step, in accordance with the manufacturer's recommended procedure (Access RT-PCR; Promega, Madison, Wis.). Briefly, 100 ng of RNA was added to a reaction mixture containing 0.1 U of avian myeloblastosis virus reverse transcriptase per l, 10 mM deoxynucleoside triphosphate, 0.1 U of Tfl DNA polymerase per l, and 1.5 mM MgSO 4 . We also added the following oligonucleotides: IL-18 sense primer (5Ј-GCTTGAAT CTAAATTATCAGTC-3Ј), IL-18 antisense primer (5Ј-TATTCTACGTTAAA CTTAGAAC-3Ј), GAPDH (glyceraldehyde-3-phosphate dehydrogenase) sense primer (5Ј-GGACCTGACCTGCCGTCTAG-3Ј), and GAPDH antisense primer (5ЈGATGTCGTTFTCCCACCACC-3Ј). The reaction mixture was subjected to RT at 48°C for 45 min, and the products were amplified by PCR under the following conditions: 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min for 25 cycles (IL-18) and 94°C for 1 min, 59°C for 1 min, and 72°C for 1 min for 30 cycles (GAPDH). The resulting PCR products were separated by electrophoresis on 2% agarose gel, visualized by ethidium bromide staining, and analyzed by photography. To standardize the culture conditions of the various cell types, 1 h after LPS or bacterial infection was considered to be the earliest reasonable time point at which to compare baseline IL-18 levels.
IL-18 measurements. For measurement of IL-18 contents, cell suspensions were collected 24 h after Salmonella infection. The cells and supernatants were separated by centrifugation and stored at Ϫ70°C. The cells were lysed by incubation for 30 min at 37°C in Triton X-100 (0.06%), and the volume was adjusted to 1 ml with HBSS. The IL-18 contents in the lysed cells and supernatant were measured with an ELISA kit with a polyclonal antibody (Diaclone, Besançon, France).
Immunoprecipitation. Supernatant IL-18 was immunoprecipitated with 0.5 g of anti-mIL-18 per ml by incubation for 2 h at 4°C and subsequent binding to protein G-Sepharose (Sigma, St. Louis, Mo.) for 2 h at 4°C. Before being subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the samples were boiled in 10 l of sample buffer for 5 min.
Western analysis. Total cell-bound IL-18 and IL-18 immunoprecipitated from the supernatant of 5 ϫ 10 5 cells/ml were analyzed by Western blotting. Samples were diluted in a reducing sample buffer and resolved by SDS-12% PAGE. After transfer to a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany), IL-18 protein was detected with a monoclonal antibody raised against human IL-18 (R&D Systems Europe Ltd., Abingdon, United Kingdom). A secondary polyclonal antibody coupled to horseradish peroxidase (PharMingen, Hamburg, Germany) and the ECL-plus detection system (Amersham-Pharmacia, Freiburg, Germany) were used to visualize the IL-18.
Processing of cells for light and electron microscopy. The infected human AM were washed in phosphate-buffered saline (Boehringer, Mannheim, Germany) at 4°C, fixed in a 2.5% phosphate-buffered glutaraldehyde solution, postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer, and contrasted in 0.5% uranyl acetate in 0.05 M maleate buffer. This was followed by dehydration in a graded ethanol series (70, 80, 96, and 100%) and gradual replacement of ethanol with propylene oxide before infiltration and embedding in epoxy resin.
Ultrathin and semithin sections were cut with a Reichert Austria ultramicrotome. The semithin sections were mounted on glass slides and stained with toluidine blue. The ultrathin sections were picked on 200-mesh carbon-coated copper grids, stained with uranyl acetate, counterstained with lead citrate, and observed with a Philips 300 transmission electron microscope at an accelerating voltage of 60 kV.
Statistical analysis. Data were compared by using Student's t test. Differences were considered significant when P was Ͻ0.05. Results are expressed as the mean Ϯ the standard error of the mean (SEM).
RESULTS

IL-18 content is greater in AM than in mDC, iDC, or Mo.
To analyze the extent of IL-18 production in nonactivated APC, the amounts of cell-bound IL-18 in freshly isolated AM obtained by BAL were compared to those found in Mo-derived iDC and in freshly isolated Mo by Western blotting (Fig. 1A) . Compared to the other APC, AM contained considerably more of the inactive precursor form of IL-18 (which migrates as a 24-kDa band). The steady state of IL-18 mRNA was then compared in freshly isolated AM, Mo, iDC, and mDC (Fig.  1B) , and IL-18 expression was then also analyzed in AM, Mo, and iDC at 1 and 6 h by RT-PCR (Fig. 1C) . Little expression was observed after 1 h; however, the expression of IL-18 mRNA peaked after 6 h in all of the cells studied. Furthermore, IL-18 mRNA expression was higher in AM than in the other APC. These results suggest that IL-18 mRNA expression is high in AM. However, culture conditions such as plastic adhesion or the serum medium used seem to be sufficient to trigger IL-18 expression.
IL-18 production by AM and DC appears to be dependent on S. enterica serovar Typhimurium virulence factors. To gain insight into the interaction between a facultatively intracellular pathogen and human APC, AM and iDC were infected with virulent S. enterica serovar Typhimurium, heat-killed bacteria, or LPS. Exposure of the cells to LPS or heat-killed bacteria did not increase IL-18 secretion significantly at 24 h, whereas infection with virulent S. enterica serovar Typhimurium led to a threefold increase in IL-18 secretion by AM compared to that by DC (Fig. 2) . This suggests that bacterial virulence factors are involved in IL-18 secretion. In view of its stimulatory role in caspase-1 activation, we focused our attention on the Salmonella invasion protein SipB.
IL-18 release is reduced by a Salmonella sipB mutant. The results described above suggest that bacterial virulence factors contribute to the release of IL-18 and that AM are a major source of this cytokine in the lung. Previous work has shown that the expression and secretion of invasion proteins encoded by Salmonella pathogenicity island 1, such as SipB, are essential for Salmonella infection (15) . SipB has been shown in murine macrophages to activate caspase-1 (15), which cleaves IL-18 into its mature form. To demonstrate that SipB is involved in the release of active IL-18 by AM, cells were infected with two Salmonella strains: the virulent C53 strain and the isogenic sipB mutant. Figure 3 shows intracellular and extracellular production of IL-18 measured by ELISA. Intracellular IL-18 content did not seem to be enhanced by the expression of sipB. In contrast, cytokine release was considerably higher with virulent strain C53 than with the isogenic sipB mutant (P Ͻ 0.05) at 24 h after infection. This suggests that the SipB protein markedly stimulates the production and immediate release of IL-18 in AM.
S. enterica serovar Typhimurium C53 and the sipB mutant efficiently survive in AM. To evaluate the level of bacterial infection, we used morphological characterization of human AM infected with S. enterica serovar Typhimurium C53 and the sipB mutant at 24 h (Fig. 4) . These observations revealed that AM were efficiently infected by both the virulent and mutant Salmonella strains. A gentamicin protection assay at 3 h showed that 57.87% Ϯ 27.8% (n ϭ 3) of the macrophages were infected by S. enterica serovar Typhimurium C53, whereas 24.4% Ϯ 12.10% (n ϭ 3) were infected by the Salmonella sipB mutant. However, in both cases, salmonellae survived within the cells after 24 h (bacterial growth indexes, 2 Ϯ 0.3 and 0.76 Ϯ 0.08, respectively), demonstrating the greater virulence of C53 and its ability to multiply in infected AM. Infection by strain C53 resulted in cell death with features of apoptosis ( Fig.  4A and B) , as demonstrated by chromatin condensation and karyohexis (6, 34) . We also observed higher LDH concentrations in the supernatants of C53-infected cells after 24 h, with a cytotoxicity index of 86.92% Ϯ 0.14%, than in those of uninfected cells (cytotoxicity index, 24.4% Ϯ 4.7%). However, the strain carrying a mutation in the sipB gene ( Fig. 4C and D) infected cells without inducing cell death, as the LDH concentrations were lower than that of the control (Ϫ15% Ϯ 7.3%). This was confirmed by electron microscopy which showed that AM morphology was similar to that of the control cells (Fig. 4E  and F) . These results corroborate previous studies in which virulence-defective mutants were found to be noncytotoxic (4, 19) and provide evidence for the role of SipB in the induction of cell death in human AM.
Intracellularly active IL-18 content (18 kDa) increases progressively over time following Salmonella strain C53 infection.
In the experiments described in the previous section, we showed that Salmonella strain C53 increased the production and immediate release of IL-18 in AM, but the ELISA method could not measure the amount of active IL-18. To determine the presence of the active form, we performed a time course analysis of intracellular IL-18 in AM infected with Salmonella strain C53 and the sipB mutant by Western blotting (Fig. 5A) . The mature form of IL-18 appeared to increase gradually over time during the 24 h of infection, whereas IL-18 in AM infected with the sipB mutant appeared to decrease over time until it disappeared at 24 h. When we examined the IL-18 content in the AM supernatant collected 24 h after bacterial infection, active IL-18 was detected exclusively in the medium after Salmonella strain C53 infection (Fig. 5B) . This suggests that the activation process occurs initially at the intracellular level and that mature IL-18 is then rapidly released into the extracellular medium.
IL-18 gene expression is not specifically modulated by Salmonella infection. IL-18 mRNA expression in AM was analyzed during the 24-h period after infection with S. enterica serovar Typhimurium virulent strain C53 or the sipB mutant and compared to LPS stimulation. Under the culture conditions used, little or no constitutive IL-18 expression was observed at 1 h but its expression was induced at 3 h (Fig. 6) . Furthermore, the accumulation of IL-18 mRNA in cells stimulated by Salmonella or LPS was already high after 1 h, peaked at 3 h, and decreased slightly after 6 h to a barely detectable level at 24 h. The results were similar when fewer PCR cycles were used (data not shown). These results suggest that IL-18 mRNA expression is modulated at an early stage by bacterial infection or LPS stimulation; however, because the control conditions already induced accumulation after 3 h, Salmonella infection or LPS stimulation does not appear to be able to modulate further IL-18 mRNA expression beyond the first hour. This poor modulation of IL-18 expression highlights the important role played by posttranslational events, particularly 6 AM cells were immunoprecipitated with 0.5 g of monoclonal anti-IL-18 and protein G-Sepharose per ml (as described in Materials and Methods). Immunocomplexes were resolved by SDS-12% PAGE under reducing conditions and blotted with an anti IL-18 monoclonal antibody. Ct, cells alone; C53, wild-type sipB; sipB, mutant lacking the protein that activates caspase-1; C53HK, heat-killed bacteria.
VOL. 71, 2003 SipB INDUCES ACTIVATION AND RELEASE OF IL-18 4385
SipB, which activates caspase-1 and facilitates the release of IL-18. Caspase-1 inhibitor reduces the release of mature IL-18 induced by Salmonella strain C53. To establish a correlation between IL-18 secretion and its caspase-1-mediated activation, we examined the effect of the caspase-1 inhibitor Ac-YVAD-CMK on the secretion of IL-18 by Salmonella-infected AM. The caspase-1 inhibitor was added to cell cultures 1 h before Salmonella strain C53 infection, and IL-18 production was measured 0, 3, 6, 12, and 24 h after infection. Inhibition of IL-18 secretion by the caspase-1 inhibitor was observed in the cell supernatants (Fig. 7A) , with maximum inhibition at 3 h (i.e., 44% of the inhibition reached at the same time point in infected cells without the caspase-1 inhibitor). No inhibitory effect was observed at 24 h. Western blot analysis of the IL-18 released from AM infected with the virulent Salmonella strains, with or without the caspase-1 inhibitor (Fig. 7B) , showed that 24 h after bacterial infection, the caspase-1 inhibitor prevented the processing of IL-18, thereby leading to accumulation of pro-IL-18. At this point, we consider it relevant to mention that cell death, analyzed by LDH release in the supernatants or enzyme immunoassay determination of cytoplasmic histoneassociated DNA fragments during the 24-h period after Salmonella strain C53 infection, was not inhibited by caspase-1 (data not shown). These results suggest that the protein SipB act as a posttranslational regulator, allowing pro-IL-18 to accumulate when the processing of IL-18 is blocked. Therefore, caspase-1 appears to be largely involved in the processing and release of IL-18 in the early stages of Salmonella infection, without being the only biological cascade likely implicated in the AM cell death process.
DISCUSSION
In the distal airways of the lung, AM represent the first line of defense (26) . Their ability to enhance acquired immunity by the release of active IL-18 is still poorly understood. In the present study, we decided to use S. enterica serovar Typhimurium as an intracellular pathogen model with which to examine the induction of innate and acquired immunity in human AM. This bacterium offers several advantages in the study of lung immunity, including genetic flexibility, a well-characterized virulence pathway, the availability of attenuated mutants, and absence from AM obtained from human subjects. In addition, Salmonella is widely considered as a potential vector for vaccines to be administered via the nasal route. Although salmonellae are not respiratory pathogens, homologous virulence factors have been recovered from a wide variety of human pathogens, such as chlamydiae (11, 20) .
In 1996, Chen and coworkers (4) demonstrated that Salmonella spp. exert a cytotoxic effect on cultured murine macrophages via a mechanism induced by the bacteria. It has been shown that macrophage cell death is induced by at least two pathways (15, 18) , one of which involves the activation of caspase-1. As caspase-1 is also essential for the intracellular activation of the proinflammatory cytokine IL-18, we decided to investigate the role of the bacterial activating factor of caspase-1, SipB, in the production and release of IL-18 by human AM. Our results show that AM are a more important reservoir of IL-18 than are DC and Mo. Furthermore, AM can release mature IL-18 when exposed to virulent Salmonella. In contrast, heat-killed bacteria, despite membrane-bound LPS, and SipB-deficient Salmonella both lack the capacity to induce IL-18 activation and release.
In healthy persons, AM are efficient phagocytic cells and poor APC (31) . This lack of antigen-presenting capacity has been related to the absence of the costimulatory molecule CD80 or CD86 on their surface (3). The ability of AM to release cytokines, compared to that of Mo or DC, is not yet fully understood, although it is well known that they have a greater ability to produce tumor necrosis factor alpha and a lesser ability to release IL-10 (1). Previous studies have also shown that AM produce markedly less IL-1 than do Mo (9) . We show that AM have a much higher constitutive IL-18 content than do either Mo or DC. This could be related to enhanced expression of IL-18 mRNA in the cell under various stimuli, including the culture conditions used, but also to greater accumulation of the unprocessed form. This is of considerable importance, as it was later shown that AM are also a better source of IL-12 than are Mo (17) . This strongly suggests that if AM are adequately activated, they may release IL-18 in the alveolar milieu, where the cytokine could play an important role in amplifying local immunity, favoring either Th1 immunity in the presence of IL-12 or a Th2 response (24, 35) .
When we stimulated AM and DC with virulent Salmonella strains, the release of IL-18 by AM was increased severalfold. Furthermore, this release was greater when the cells were exposed to live strains instead of heat-killed bacteria or LPS, suggesting that virulence factors produced during infection are involved in the release of IL-18. By contrast, in a virulent defective strain, the attenuation resulting from deletion of the sipB gene led to a decrease in IL-18 secretion (Fig. 3) . Therefore, in order to differentiate the role of Salmonella membrane-bound structures and the potential impact of sipB on IL-18 production and release, we compared virulent strain C53 and the defective sipB mutant, which lacks the activator of caspase-1. Although slight differences between the bacterial infections were observed at 3 h, the growth index demonstrated that the Salmonella sipB mutant was able to survive in macrophages, and the results observed were caused by the deletion of sipB. The results showed that the intracellular content of IL-18 was not affected by sipB expression even though the cells were efficiently infected, whereas the infection by virulent strain C53 stimulated the release of IL-18.
A Western blot analysis was performed to differentiate the production of mature and immature forms of IL-18. The active form of IL-18 was detected intracellularly and extracellularly after infection with virulent Salmonella, suggesting that the cleavage of immature into mature IL-18 occurs, at least in part, intracellularly before its release ( Fig. 5A and B) . In contrast, only the inactive form was observed after exposure of AM to the Salmonella sipB mutant and heat-killed bacteria. These results suggest that the release of active IL-18 is tightly controlled by SipB, while inactive IL-18 can be found outside the cell even in the absence of SipB-mediated caspase-1 activation or when a caspase-1 inhibitor is added. This observation corroborates the data of Mehta and coworkers (22) , who showed that precursor cleavage is not required for release of the cytokine. To analyze the extent of the involvement of caspase-1 during Salmonella infection, we used a specific caspase-1 inhibitor and measured the extracellular IL-18. The effect of the inhibitor on the release of IL-18 decreased after 12 h. This confirms that caspase-1 is a key factor in IL-18 activation and early release by AM following their infection with Salmonella expressing sipB, but other biologic cascades are likely to be involved since the Ac-YVAD-CMK inhibitor did not prevent AM cell death or delayed IL-18 release after 24 h.
The experiments on the mouse model and cell lines demonstrated that the virulence factor SipB is required for Salmonella-mediated macrophage cell death through caspase-1 (15) . Also, there is evidence of a caspase-1-independent mechanism that leads to cell death (2, 18, 23) . Although it is difficult to dissociate caspase-1 activation and IL-18 release from the capacity of Salmonella to evoke cell death, it is clear that both mechanisms have enzymatic activities in common and a clear correlation was found recently between cell death induced by Salmonella and the capacity of DC to release IL-18 (8) . In our experiments, even though IL-18 activation was inhibited by Ac-YVAD-CMK, macrophage cell death could not be prevented by use of the inhibitor after Salmonella strain C53 infection. This implies that AM cell death could be implicated, to some extent, in the release of IL-18, not necessarily as a unique consequence of caspase-1 activation.
A particularly important aspect of IL-18 regulation involves the release pathways. Mehta and coworkers (22) suggested that the release of IL-18 is stimulated by exogenous ATP and requires priming by LPS. This release was shown to occur through a purinoreceptor, P2X7, which upon the sustained action of stimulators such as ATP, leads to the formation of a nonselective pore that is permeable to low-molecular-weight solutes. We used oxidized ATP, an antagonist of ATP, to determine the extent of ATP's involvement in the release of IL-18 after Salmonella infection. We observed that, under such conditions, the activation and release of IL-18 were inhibited (data not shown). However, the extent of SipB's role as an activator like ATP, or in the stimulation of ATP following bacterial infection, is not understood. However, it should be investigated as an alternative pathway for the release of IL-18.
Our studies with live intracellular pathogens underline the importance of their genetic backgrounds. Our observations will help optimize live-vaccine vectors and show their superiority over the delivery of peptides combined with standard adjuvants. The adjuvant effect of live vectors thus appears to be dependent not only on the type of APC involved or on the surface interactions between the APC and the pathogen but also on the enzymatic activity triggered by intracellular pathogens, such as the virulence factor SipB secreted by Salmonella. These observations will have a major impact on our understanding of the modulation of mucosal or systemic immunity by intracellular pathogens and on the development of potential new vaccine strategies using S. enterica serovar Typhimurium.
